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ABSTRACT 
The Cr203 c o n t e n t  of powder me ta l lu rgy  n icke l -20  chromium-3 t h o r i a  
was reduced w i t h  atmospheres c o n s i s t i n g  of hydrogen p l u s  hydrogen ch lo-  
r i d e  (HC1) or hydrogen bromide (HBr). The non- thor ia  oxygen c o n t e n t  
or "oxygen excess" was reduced from an i n i t i a l  amount of g r e a t e r  t h a n  
50,000 ppm t o  less t h a n  100 ppm. Low tempera tu res  were e f f e c t i v e ,  b u t  
t h e  lowes t  oxygen levels  were achieved w i t h  t h e  h i g h e s t  c l e a n i n g  t e m -  
p e r a t u r e  - 12OOOC. 
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SUMMARY 
This  i n v e s t i g a t i o n  w a s  conducted t o  determine t h e  e f f e c t  of 
hydrogen h a l i d e  a d d i t i o n s  t o  hydrogen on t h e  r educ t ion  of Cr203 i n  
powder meta l lurgy  nickel-20 chromium-3 t h o r i a .  This  m a t e r i a l  was 
prepared by a t t r i t o r  g r ind ing  i n  d i s t i l l e d  water .  
hydrogen pre-cleaning,  t h e  powder was c o l d  pressed and cleaned i n  
hydrogen p l u s  hydrogen c h l o r i d e  (HC1) o r  hydrogen bromide (HBr) . 
Treatment temperatures  ranged from 65OoC t o  12OOOC. A l l  c l ean ing  
t r ea tmen t s  were fol lowed by s i n t e r i n g  i n  dry hydrogen a t  12OO0C.  
The hydrogen h a l i d e s  were e f f e c t i v e  i n  reducing t h e  Cr203 content .  
The non-thoria oxygen con ten t  o r  "oxygen excess" was reduced from 
g r e a t e r  t h a n  50,000 ppm t o  less t h a n  100 ppm. The hydrogen h a l i d e s  
were effective a t  low tempera tures  i n  reducing t h e  Cr203, however, 
t h e  lowest oxygen l e v e l s  were achieved a t  t h e  h i g h e s t  temperature  - 
1200°C. Carbon con ten t s  i n  t h e  t r e a t e d  m a t e r i a l s  were a l s o  reduced 
t o  a l e v e l  below t h a t  normally a s s o c i a t e d  wi th  t h e  r e a c t i o n  of carbon 
with t h e  excess  oxygen present  i n  t h e  powder compacts. 
After dry ing  and 
INTRODU CTI ON 
The s u c c e s s f u l  processing of d i spers ion-s t rengthened  m a t e r i a l s  
r e q u i r e s  t h a t  contamination be  h e l d  t o  a minimum. 
a r e  s e r i o u s  contaminants.  
m a t e r i a l s  with the rma l ly - s t ab le  mic ros t ruc tu res  a r e  t o  be  produced. 
Metal ox ides  t h a t  have a r e l a t i v e l y  smal l  nega t ive  f ree  energy of 
formation,  i . e . ,  CuO, COO, and N i O ,  a r e  easy t o  reduce a t  low tempera- 
t u r e s  wi th  hydrogen. 
more d i f f i c u l t .  Reducing agents  t h a t  have been used f o r  6r2O3 inc lude  
hydrogen a t  high tempera tures ,  carbon and hydrocarbon vapors ,  r e a c t i v e  
meta ls ,  and h a l i d e  vapors .  Each approach t o  r educ t ion  has  p o t e n t i a l  
drawbacks. High tempera tures  can cause agglomeration of t h e  added 
oxide;  carbon and hydrocarbons can l e a d  t o  carbon contamination. 
React ive metals  can l eave  a r e s idue  of  impuri ty  oxide.  The h a l i d e  
vapors  a r e  t o x i c ,  co r ros ive ,  and may reduce t h e  added oxide d i spe r so id .  
Despi te  t h e  disadvantages of t h e  h a l i d e s ,  t hey  o f f e r  a p o t e n t i a l  f o r  
reducing chromium oxide a t  low temperatures .  
only t h e  Cr203 and no t  t h e  Tho2 should be reduced. 
(1) Matrix oxides  
And t h e y  must be reduced o r  e l imina ted  if  
The r educ t ion  of chromium oxide ( C r  03) is much 
And with t h e  proper c o n t r o l ,  
The usefu lness  of hydrogen c h l o r i d e  (HC1) i n  reducing chromium 
oxide has  been p red ic t ed  from thermodynamic cons ide ra t ions  by Maier 
(2) and Kellog ( 3 ) ,  and v e r i f i e d  experimental ly  by Maier (2) .  The 
r e a c t i o n  of H C 1  wi th  Cr203 r e s u l t s  i n  t h e  formation of chromium 
chlor ide  and water ,  v i z ,  
1/3 C r 2 0 3  + 2HC1 4 213 C r C 1 3  + H 2 0  
The f r e e  energy of t h i s  r e a c t i o n  is p o s i t i v e  i n d i c a t i n g  t h a t  it is n o t  
spontaneous t o  t h e  r i g h t .  However, by cont inuously removing t h e  water  
vapor formed by means of a dynamic gaseous atmosphere it is poss ib l e  
t o  keep t h e  a c t i v i t y  of t h e  gases  a t  l e s s  t h a n  un i ty .  And t h u s  make 
it poss ib le  f o r  t h e  r e a c t i o n  t o  t a k e  place.  D i lu t ing  t h e  HCI wi th  
hydrogen makes t h e  atmosphere less  co r ros ive  and i n  a d d i t i o n  a low dew 
point  hydrogen h e l p s  i n  t h e  r educ t ion  of t h e  Cr2O3. After conver t ing  
t h e  Cr203 t o  CrCL3,  pure chromium can be  obta ined  by removing t h e  HC1 
from t h e  system. Thus i n  t h e  absence of water  vapor,  t h e  fo l lowing  
r e a c t i o n  w i l l  occur: 
C r C 1 3  + 3/2H2 _3 Cr + 3HC1 
Based on chemical r e a c t i v i t y ,  hydrogen bromide (HBr) should a l s o  be 
e f f e c t i v e .  From thermodynamic and k i n e t i c  cons ide ra t ions  it would 
seem d e s i r a b l e  t o  c a r r y  ou t  t h e  r e a c t i o n  wi th  t h e  h a l i d e  vapors  a t  t h e  
h ighes t  poss ib l e  temperature .  A s  temperature  is inc reased  t h e  moisture  
to l e rance  f o r  r educ t ion  is increased  and t h e  r e a c t i o n  r a t e  is i nc reased  
There is , however , a complicat ing f a c t o r .  
chromium ch lo r ide  becomes a l i q u i d .  And a t  842 C chromium bromide 
becomes a l i q u i d .  The presence of a l i q u i d  h a l i d e  could t end  t o  block 
t h e  pores i n  a powder compact and e s s e n t i a l l y  s t o p  t h e  c l ean ing  reac- 
t i o n  from pene t r a t ing  t o  t h e  c e n t e r  of a specimen. F u r t h e r ,  t h e  
presence of a l i q u i d  could l e a d  t o  l i q u i d  phase s i n t e r i n g  which could 
a l t e r  t h e  d i s t r i b u t i o n  of any added oxide phase. 
known t h a t  t h e  i n t e n t i o n a l l y  added oxides  ( t h o r i a  i n  t h i s  case) t end  
t o  agglomerate when high s i n t e r i n g  tempera tures  a r e  used, prel iminary 
experiments were conducted. The purpose of t h e s e  prel iminary e x p e r i -  
ments was t o  g a i n  an i n s i g h t  i n t o  t h e  q u a n f i t y  of HC1 and HBr t o  be 
added t o  t h e  hydrogen and t o  determine t h e  range of c l ean ing  tempera- 
t u r e s  t o  be i n v e s t i g a t e d  i n  d e t a i l .  
of hydrogen h a l i d e  a d d i t i o n s  t o  hydrogen on t h e  r educ t ion  of Cr2O3 i n  
powder metal lurgy nickel-20 chromium-3 t h o r i a .  A t t r i t o r  ground 
nickel-20 chromium w i t h  3 weight percent  (W/O) t h o r i a  (Tho2). was com- 
pacted and cleaned i n  hydrogen w i t h  e i t h e r  H C 1  o r  HBr a d d i t i o n s .  Most 
o f  t h e  experiments involved i so thermal  exposure t o  atmospheres con- 
t a i n i n g  2 volume percent  (V/O) of t h e  hydrogen h a l i d e s  i n  hydrogen. 
A s  mentioned previous ly ,  some prel iminary experiments were a l s o  c a r -  
r i e d  o u t .  The prel iminary experiments u t i l i z e d  5V/O hydrogen h a l i d e  
A t  aotemperature of 815'C 
Because o€ t h e  above p o t e n t i a l  complicat ions and because it is 
The o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  was t o  determine t h e  e f f e c t  
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add i t ions  and a s t e p  hea t ing  cyc le  from Y3OoC t o  12OO0C. 
periments with 2V/O hydrogen h a l i d e  add i t ions ,  t h e  r e a c t i o n  tempera- 
t u r e s  were 650°,  930°, and 12OO0C.  
4 t o  24 hours. 
dry hydrogen a t  1 2 O O 0 C .  
was obtained by t h e  use  of chemical analyses  and both l i g h t  and e l e c t r o n  
microscopy. A t o t a l  of 13 experiments were c a r r i e d  out .  
For t h e  ex- 
And t h e  c leaning  times ranged from 
A l l  c leaning  t rea tments  were followed by s i n t e r i n g  i n  
Evaluation of t h e  e f fec t iveness  of reduct ion  
MATERIALS APPARATUS AND PROCEDURE 
Powder Prepara t ion  
Nickel-20 chromium-3 t h o r i a  was prepared by t h e  NASA comminution 
and blend technique (NAS-CAB) . This technique developed by M. Quat inetz  
and J. W. Weeton has  been descr ibed previously (4 ,  5).  The a t t r i t o r  
gr inding  pot w a s  made of Nichrome and t h e  gr inding  b a l l s  and s t i r r e r  
were made of n i cke l .  The gr inding  f l u i d  was d i s t i l l e d  water.  No 
gr inding  a i d s  were used. A s  shown by A. Ar ias  (6), gr inding  under such 
condi t ions is known t o  oxid ize  t h e  f r e s h l y  cleaved su r face  of t h e  
powder. Thus t h e  ground powder would conta in  a l a r g e  quan t i ty  of 
oxygen. And t h e  removal of t h i s  oxygen would be a good t e s t  of t h e  
e f f e c t i v e n e s s  of any reduct ion  t rea tments .  The s t a r t i n g  ma te r i a l s  were 
minus 325 mech (44jJM) Continental  Ore nickel-20 chromium powder and 
Thorium Limited c o l l o i d a l  (0.005 t o  0.015pJ!3) t h o r i a .  
na t an t  l i q u i d  was removed by decantat ion.  The r e s u l t i n g  powder s l u r r y  
w a s  vacuum d r i e d  a t  ambient temperature.  During drying,  t h e  s l u r r y  
formed i n t o  a powder cake which w a s  broken u p  by passing through a 40 
mesh (420pM) s i eve .  Af t e r  s i ev ing ,  t h e  powder was loaded i n t o  a 
r e t o r t  and given a preliminary cleaning and anneal ing t rea tment  i n  
flowing dry hydrogen a t  8OO0C. Heating t o  t h e  r e a c t i o n  temperature 
w a s  con t ro l l ed  by t h e  moisture evolut ion.  I n  t h i s  opera t jon ,  t h e  
e f f l u e n t  moisture l e v e l  was kept  below 200 ppm during hea t ing .  The 
r e t o r t  containing t h e  powder w a s  t r a n s f e r r e d  t o  an argon f i l l e d  dry 
box. Af te r  removing t h e  powder from t h e  r e t o r t ,  compacts were made. 
For t h e  prel iminary experiments t h e  compacts were s p h e r i c a l  i n  shape 
and approximately 1/4 inch (0 .64  cm) i n  diameter. These s p h e r i c a l  com- 
pac ts  weighing about 0 . 2  grams each were prepared by hydropressing a t  
70 k s i  (480 MN/M2). For  t h e  bulk of t h e  experiments c y l i n d r i c a l  com- 
pac ts  were used. These were prepared i n  a 1/2 inch (1.27 cm) double 
ac t ing  d i e ,  a t  a compacting pressure of 150 k s i  (1030 MN/M2). 
nominal powder weight was 2 grams. And t h e  r e s u l t i n g  th i ckness  w a s  
about 1/4 inch (0 .64  cm) . 
58 percent of t h e o r e t i c a l .  
The ground powder was washed w i t h  d i s t i l l e d  water and t h e  super- 
The 
The green dens i ty  of t h e s e  compacts was 
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Cleaning and S i n t e r i n g  Experiments 
Cleaning and s i n t e r i n g  experiments were conducted i n  “ G l ~ b a r * ~  
heated h o r i z o n t a l  hot-wal l  t ube  furnaces .  Furnace tubes  and r a d i a t i o n  
s h i e l d s  were made of t ype  316 L s t a i n l e s s  s tee l .  The tubes were pro- 
t e c t e d  from c a t a s t r o p h i c  ox ida t ion  on t h e  ou t s ide  s u r f a c e  a t  e l eva ted  
temperatures  by u s i n g  a flowing argon b lanket .  
l e v e l  of l e s s  t h a n  1 ppm H 0,  and anhydrous high p u r i t y  HC1 o r  HBr were 
metered through p rec i s ion  ?one percent  accuracy) f low meters and i n t r o -  
duced i n t o  t h e  furnace .  The moisture  l e v e l  of t h e  gas  mixtures  was i n  
t h e  range of 0 . 5  ppm ( a s  measured by a gold-aluminum oxide capac i tance  
type  hygrometer). 
para tus  is shown i n  F igure  1. 
I n  a l l  of t h e  experiments,  t h e  compacts were loaded i n t o  tungs ten  
boa t s  and placed i n t o  t h e  c e n t r a l  zone of t h e  furnace a t  room tempera- 
t u r e .  The uni formi ty  of t h e  h o t  zone a t  t h e  r e a c t i o n  temperatures  was 
determined t o  be 2 2OC. 
of helium passed through t h e  furnace.  
s e a l s  were pressure  checked f o r  leaks .  The helium f low was t h e n  tu rned  
o f f  and t h e  hydrogen f low simultaneously s t a r t e d .  
l e v e l  of  t h e  e f f l u e n t  hydrogen was equal  t o  t h a t  of t h e  a f f l u e n t  
(0.5 ppm), t h e  h e a t i n g  cyc le  was s t a r t e d .  I n  t h e  prel iminary experi-  
ments, 1 0  s p h e r i c a l  compacts were used. F ive  of t h e  compacts were 
nickel-20 chromium, and 5 were nickel-20 chromium-3 t h o r i a .  A manu- 
a l l y  ad jus t ed  s t e p  hea t ing  schedule  was used f o r  t h e s e  prel iminary 
experiments. The samples were hea ted  s lowly t o  76OoC i n  d ry  hydrogen, 
cooled t o  43OoC and. then  t h e  hydrogen h a l i d e  (5 V/O) w a s  added. After 
20 hours  a t  43OoC t h e  hydgogen h a l i d e  f low was turned  o f f  and t h e  tern- 
peratur,e increased  by 100  C. 
again f o r  20 hours .  The l a s t  two s t e p s  were repea ted  u n t i l  a tempera- 
t u r e  of 120OoC w a s  reached. 
f o r  10 hours followed by 1 0  hours  i n  hydrogen alone.  
c leaning  experiments,  i so thermal  r e a c t i o n  t r ea tmen t s  i n  hydrogen-2 V/O 
hydrogen h a l i d e  were used. 
each of t h e  i so thermal  t r ea tmen t s .  The h e a t i n g  was programmed with a 
curve fo l lower  type  programmer. Heating from ambient t o  t h e  i so thermal  
r e a c t i o n  temperature  w a s  a t  a r a t e  of 100°C p e r  day i n  hydrogen. 
t h e  isothermal  r e a c t i o n  temperature  was reached, t h e  hydrogen h a l i d e  
( H C l  o r  HBr) was added t o  t h e  f lowing hydrogen and t h e  mixture was 
allowed t o  f low i n t o  t h e  fu rnace  f o r  t h e  d e s i r e d  r e a c t i o n  t i m e  i n t e r v a l  
(4  t o  24 hours) .  Following t h e  hydrogen h a l i d e  t r ea tmen t ,  t h e  tempera- 
t u r e  was aga in  increased  i n  h drogen a t  a r a t e  of 100°C p e r  day t o  t h e  
s i n t e r i n g  temperature  o f  1200 C. A cont inuous record  of  temperature  
and e f f l u e n t  moisture  l e v e l  was made f o r  each furnace  run. A summary 
of t h e  c l ean ing  t r ea tmen t s  used is  shown i n  Table I. A t  t h e  completion 
of t h e  s i n t e r i n g  s t e p  t h e  fu rnace  power was tu rned  o f f  and t h e  fu rnaces  
allowed t o  cool  t o  room temperature  i n  a hydrogen atmosphere. 
f low w a s  t hen  switched back t o  helium. After purging, t h e  fu rnaces  
were opened and t h e  samples removed. 
Hydrogen, d r i e d  t o  a 
A schematic r e p r e s e n t a t i o n  of t h e  experimental  ap- 
During t h e  l oad ing  ope ra t ion  a cons t an t  f low 
After c l o s i n g  %he fu rnace ,  a l l  
When t h e  moisture  
The hydrogen h a l i d e  was t h e n  turned  on 
A t  120OoC t h e  hydrogen h a l i d e  f low was 
For most of t h e  
Three c y l i n d r i c a l  compacts were used f o r  
Once 
i: 
The gas  
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A t o t a l  of 13 isothermal  c leaning  runs were c a r r i e d  out.  Run 1 
was i n  dry hydrogen a t  1200°C f o r  20 hours. This was t o  serve  a s  a 
s tandard  f o r  comparison of t h e  e f f e c t  of t h e  hydrogen h a l i d e  t r e a t -  
ments. Runs 2-5 were i n  hydrogen-2 V/O HC1,  and Runs 10-12 were i n  
hydrogen-2 V/O H B r .  
20 chromium-2 t h o r i a  m a t e r i a l  (Fans tee l  TD N i C r -  Run 13 i n  hydrogen- 
2 V/O HBr)  was conducted t o  determine if a hydrogen h a l i d e  t rea tment  
could be e f f e c t i v e  with a f u l l y  dense ma te r i a l .  S p e c i f i c a l l y ,  could 
such a t reatment  remove t h e  r e s i d u a l  Cr2O3 known t o  be i n  t h e  body of 
t h e  ma te r i a l ?  
t y p i c a l  of t h e  low dens i ty  compacts. Rather it was heated t o  1200OC 
i n  about 4 hours i n  a hydrogen atmosphere. This was then  followed by 
24 hours i n  hydrogen-2 V/O H B r  and a 24 hour hydrogen s i n t e r ,  a l l  a t  
A s i n g l e  experiment with a commercial n i cke l -  
This sample w a s  not  given t h e  long  t i m e  t rea tment  
120O0C. 
A l l  of t h e  t r e a t e d  ma te r i a l s  were analyzed f o r  changes i n  chemical 
composition and examined by both l i g h t  and e l e c t r o n  microscopy. 
RESULTS AND DISCUSSION 
Preliminary Cleaning Experiments 
Preliminary experiments with smal l  hydropressed b a l l s  of water 
ground nickel-20 chromium and nickel-20 chromium-3 t h o r i a  e s t ab l i shed  
t h a t  hydrogen with 5 V/O of e i t h e r  H C 1  o r  H B r  could be used t o  e f fec-  
t i v e l y  reduce t h e  C r 2 0 3  content .  
a f t e r  t h e  s t e p  hea t ing  hydrogen h a l i d e  t reatment  i nd ica t ed  t h e  oxygen 
content  of t h e  non-thoriated m a t e r i a l s  was less than  50 ppm. 
more, no evidence of a l i q u i d  phase was evident  although t h e  h ighes t  
temperature exposure with t h e  hydrogen h a l i d e  w a s  considerably i n  
excess of t h a t  f o r  t h e  formation of t h e  l i q u i d  chromium ha l ides .  The 
t r e a t e d  ma te r i a l s  d id ,  however, conta in  an appreciable  amount of por- 
o s i t y .  This poros i ty  is assoc ia ted  with t h e  reduct ion  of t h e  high 
i n i t i a l  C r  O3 content  of t h e  s t a r t i n g  ma te r i a l  ground i n  w a t e r .  
removing t 8 e more than  5 W/O oxygen from t h e  compacts, a l a r g e  amount 
of r e s i d u a l  poros i ty  w a s  l e f t  behind. Although t h e s e  pores were 
present ,  t h e  a reas  between them were dense. In  t h e s e  dense a reas ,  t h e  
m a t r i x  w a s  obviously very c lean ,  and only a very small  amount of r e s i -  
due oxide,  presumably Cr2O3 was present .  
containing t h o r i a  w a s  more pronounced, however, again t h e r e  were dense 
areas .  A t y p i c a l  s t r u c t u r e  of a dense area i n  a sample with t h o r i a  is 
shown i n  Figure 2. The p a r t i c l e  s i z e  of t h e  t h o r i a  i n  t h i s  ma te r i a l  
is 0 . 1  t o  0 .4  PM. 
Although t h e  preliminary r e s u l t s  with t h e  5 V/O hydrogen h a l i d e  
appeared promising, t h e r e  w a s  a r e l a t i v e l y  s e r i o u s  drawback. The high 
percentage of hydrogen h a l i d e  i n  t h e  atmosphere was very cor ros ive  t o  
t h e  hardware used i n  t h e  thermal t rea tments .  To a l l e v i a t e  t h i s  problem, 
t h e  hydrogen h a l i d e  l e v e l  was reduced t o  2 V/O. Most of t h e  experiments 
described i n  t h i s  r epor t  were c a r r i e d  out  with t h e  hydrogen-2 V/O hydro- 
gen h a l i d e  atmospheres. 
Chemical analyses  o f  t h e s e  ma te r i a l s  
Further-  
I n  
The poros i ty  i n  t h e  ma te r i a l s  
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P r i n c i p a l  Cleaning Ex p e r  iments 
Reducing t h e  hydrogen h a l i d e  concent ra t ion  t o  2 V/O g r e a t l y  re- 
duced t h e  c a r r o s i v e  a t t a c k  on t h e  furnace  hardware. And t h e  2 V/O 
l e v e l  was s t i l l  e f f e c t i v e  i n  reducing t h e  impuri ty  C r  O3 content  of 
t h e  powder metal lurgy nickel-20 chromium-3 t h o r i a .  
a n a l y t i c a l  t o o l  used f o r  determining t h e  e f f e c t i v e n e s s  of a c leaning  
t rea tment  i s  chemical a n a l y s i s ,  consequently a l l  t r e a t e d  m a t e r i a l s  
were analyzed f o r  ch,anges i n  chemical composition. 
is t h e  oxygen content  of t h e  t r e a t e d  m a t e r i a l ;  s p e c i f i c a l l y  t h e  oxygen 
g r e a t e r  t h a n  t h a t  s ' to ich iometr ica l ly  a s soc ia t ed  wi th  any added oxide 
d i spe r so id  such a s  Tho2. T h i s  r e s idue  or  impuri ty  oxide has  been g iven  
t h e  term TToxygen excess". To determine "oxygen excess" w e  need t h e  
a n a l y s i s  f o r  t o t a l  oxygen content  and t h e  Tho2 content  of t h e  m a t e r i a l .  
To a s su re  t h e  r e l i a b i l i t ' y  of t h e  r epor t ed  va lues  f o r  t o t a l  oxygen, a t  
l e a s t  t h r e e  de te rmina t ions  were made for each thermal  t r ea tmen t .  A s  
shown i n  t h e  Appendix, t h e  a n a l y s i s  f o r  Tho2 is q u i t e  complicated and 
r e q u i r e s  a r e l a t i v e l y  l a r g e  sample. For t h e s e  reasons .only  one Tho2 
determinat ion was c a r r i e d  out f o r  each thermal  t rea tment .  A l l  ana lyses  
f o r  o the r  m e t a l l i c  c o n s t i t u e n t s  were a l s o  s i n g l e  de te rmina t ions .  How- 
ever ,  t h e  carbon con ten t s  a r e  based on t h r e e  determinat ions.  
T6e most important  
The most d i r e c t  eva lua t ion  of t h e  e f f e c t  of a c leaning  t rea tment  
Oxygen Analysis  - From Table I it can be seen  t h a t  t r ea tmen t  f o r  20 
hours a t  1200°C in  d ry  hydrogen (Run 1) g r e a t l y  reduce6 t h e  oxygen 
l e v e l  (from g r e a t e r  t h a n  5 W/O t o  6200 ppm) . The r e s u l t i n g  "oxygen 
excess" was 28OO.ppm, presumably p resen t  i n  t h e  form of C r 2 0  . 
e f f e c t  of t h e  hydrogen 2 V/O HC1 t r ea tmen t  was shown by t h e  ?ac t  t h a t -  
a f t e r  only 9 hours  a t  93QOC (Run 4) t h e  "oxygen excess" was 2880 ppm. 
Inc reas ing  t h e  exposure t h e  and i n c r e a s i n g  t h e  t r ea tmen t  temperature  
f u r t h e r  reduced t h e  "oxygen excess". 
hydrogen-2.V/0 H C 1  (Run 9) t h e  analyzed oxygen content  was less  t h a n  
enough t o  t i e  up t h e  thorium. And t h e  oxygen excess  was i n d i c a t e d  t o  
be a minus 24 pprn. I n  view of t h e  accuracy l i m i t a t i o n s  of t h e  t h o r i a  
a n a l y s i s  (+ 0 .1  W/O - s e e  Appendix), t h i s  va lue  f o r  TToxygen excess" 
can be considered t o  be  l e s s  t h a n  100 ppm. 
lower oxygen con ten t s  wi th  t h e  hydrogen-2 V/O HC1 atmosphere, hydrogen- 
2 V/O HBr was eva lua ted  only a t  t h e  h ighes t  temperature  - 1 2 O O O C .  
oxygen l e v e l  was aga in  reduced. And t h e  "oxygen excess"  a f t e r  t r e a t -  
ment of 24 hours  i n  hydrogen-2 V/O HBr  (Run 12) was "minus 100 ppm". 
A s  mentioned previous ly ,  w i t h i n  t h e  accuracy of t h e  chemical ana lyses ,  
t h i s  can be considered t o  be less t h a n  100 ppm. 
The N i C r  t r e a t e d  f o r  24 hours  a t  1200°C i n  hydrogen 2 V/O H B r  
(Run 13) was  reduced i n  oxygen content  by only  270 ppm. The r e s i d u a l  
oxygen ("oxygen excess") of 2330 ppm sugges t s  t h a t  a m a t e r i a l  which is 
100 percent  dense a t  t h e  beginning o f  t h e  c leaning  ope ra t ions  is n o t  
w e l l  c leaned by t h e  hydrogen-2 V/O H B r  atmosphere. A s  w i l l  be shown 
l a t e r ,  t h e  edge appeared cleaned of oxygen, b u t  t h e  c l ean ing  r e a c t i o n  
d id  no t  pene t r a t e  t o  t h e  i n t e r i o r  po r t ions  of t h e  m a t e r i a l .  
The 
Af te r  24 hours  a t  1200°C i n  
Since it w a s  apparent  t h a t  h igher  r e a c t i o n  temperatures  produced 
The 
6 
Chromium Analysis  - Analysis of t h e  chromium content  of t h e  samples w a s  
done t o  s ee  if  t h e  hydrogen h a l i d e  reduct ion  of Cr2O3 would a l t e r  t h e  
chromium content .  
s t a r t i n g  powder was 22.0 W/O. 
chromium powder would lower t h e  chromium content  t o  21.3 W/O. The 
hydrogen t r e a t e d  sample (Run 1) contained less t h a n  t h i s  amount (20.3 
W/O). 
20.3 W/O was due t o  t h e  pick u p  of n i c k e l  from t h e  gr inding  opera t ion .  
This same n i c k e l  pick up a l s o  accounts f o r  t h e  lowering o f  t h e  t h o r i a  
content  from t h e  added amount o f  3 W/O Tho t o  t h e  2.8 W/O found i n  t h e  
hydrogen t r e a t e d  sample .  
ground and pre-cleaned powder i s  due t o  t h e  high analyzed oxygen l e v e l  - 
g r e a t e r  than  5 W/O. (The a c t u a l  oxygen content  o f  t h e  sample conta in ing  
18.5 W/O chromium would have t o  be 9 W/O t o  give a t r u e  chromium content  
of 20.3 W/B,) The va r ious  hydrogen h a l i d e  t rea tments  had l i t t l e ,  if 
any, e f f e c t  on t h e  chromium content .  The chromium analyses  of  t h e  
t r e a t e d  compacts w a s  from 20.1 t o  20.5 W/O. And f o r  t h e  TD Nichrome 
it was 20.0 W/O both be fo re  and a f t e r  t h e  hydrogen h a l i d e  t rea tment .  
Carbon Analysis - I n  a l l  of t h e  t r e a t e d  ma te r i a l s  we f i n d  a very 
appreciable  reduct ion  i n  t h e  carbon content .  The s t a r t i n g  compacts 
contained 760 ppm carbon. This was reduced t o  135 ppm by t reatment  
wi th  hydrogen a t  12OO0C. (Run 1.) 
s ince  a h igh  temperature t rea tment  of any high oxygen content  ma te r i a l  
i n  a n e u t r a l  o r  reducing atmosphere usua l ly  reduces t h e  carbon content .  
S p e c i f i c a l l y  carbon reacts  with t h e  excess oxygen t o  give CO o r  C02. 
It is  a l s o  poss ib le  t h a t  when t h e  h e a t i n g  i s  done i n  hydrogen some 
methane (CH4) would be formed. The f u r t h e r  reduct ion  i n  t h e  carbon 
content  a f t e r  t reatment  i n  t h e  hydrogen h a l i d e  atmospheres is shown 
i n  Table I. Treatments a t  65OoC i n  hydrogen-2 V/O HC1 (Runs 2 and 3) 
reduced t h e  carbon l e v e l  t o  about 90 ppm. A t  93OOC (Run 5)’ t h e  carbon 
content  was 33 ppm. A l l  of t h e  samples t r e a t e d  i n  hydrogen h a l i d e  
atmospheres a t  1200°C exh ib i t ed  carbon l e v e l s  o f  20 ppm o r  less. This 
inc ludes  t h e  sample of TD N i C r  which w a s  reduced i n  carbon content  
from 196  ppm t o  15 ppm. 
A s  noted i n  Table I ,  t h e  chromium content  of t h e  
Adding 3 W/O of Tho2 t o  t h e  n i c k e l  
It can be assumed, however, t h a t  t h e  d i f f e rence  between 21.3 and 
The low (18.5 W/6) chromium content  of t h e  
This  reduct ion  should be expected 
Iron Analysis - During t h e  ana lys i s  f o r  t h e  t h o r i a  content  of t h e  
t r e a t e d  m a t e r i a l s ,  t h e  a n a l y t i c a l  chemist noted an i r o n  res idue .  
Since only a minor amount of i r o n  was present  i n  t h e  s t a r t i n g  mate- 
r i a l s  t h i s  was not expected. A s  can be seen In  Table I ,  t h e  amount 
of i r o n  genera l ly  increased  with t h e  time and temperature of t h e  hydro- 
gen h a l i d e  t reatments .  A l s o  higher  i r o n  l e v e l s  were observed with t h e  
HBr t r e a t e d  samples. The maximum i r o n  l e v e l  (10 .1  W/O) was  i n  a sample 
t r e a t e d  f o r  1 6  hours a t  1200°C i n  hydrogen-2 V/O HBr  (Run 11). 
t h e  chromium and t h o r i a  content  w a s  apparent ly  not  a f f e c t e d  by t h e  i r o n  
pick u p ,  it w a s  concluded t h a t  o the r  l o s s e s  f rom t h e  compacts, i . e . ,  
n i c k e l ,  must be compensating f o r  t h e  inc rease  i n  i ron .  However, s i n c e  
t h e  i r o n  contamination w a s  t r a c e d  t o  t h e  furnace tubes  and r a d i a t i o n  
s h i e l d s ,  it w i l l  be e l imina ted  f rom f u t u r e  work by us ing  n i c k e l  l i n e d  
tubes  and n i c k e l  r a d i a t i o n  s h i e l d s .  
Since 
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MICROSTRUCTURE 
Photomicrographs a t  lOOOX of random a r e a s  of t h e  m a t e r i a l s  re- 
ce iv ing  9 hour hydrogen plus  hydrogen h a l i d e  t rea tments  a r e  shown i n  
Figure 3. The genera l  s t r u c t u r e  shown is t y p i c a l  of low dens i ty  com- 
pacted and s i n t e r e d  powder-metallurgy ma te r i a l s .  
is h ighly  angular and interconnected.  When t h e  temperature was in -  
creased t o  93OoC t h e  poros i ty  became l e s s ,  bu t  was more rounded, 
s l i g h t l y  l a r g e r  i n  s i z e ,  and less  interconnected.  
again increased  i n  s i z e ,  decreased i n  number and became less i n t e r -  
connected. There w a s  a l s o  a no t i ceab le  inc rease  i n  dens i ty  of t h e  
s t r u c t u r e  fol lowing t h e  l 2 O O 0 C  t rea tments .  
HBr t rea tments  w e  f i n d  t h a t  t h e  HBr produces a s l i g h t l y  more porous 
s t r u c t u r e ,  otherwise t h e  m a t e r i a l s  a r e  q u i t e  s i m i l a r .  Very l i t t l e  
edge effect  was noted i n  any of t h e  ma te r i a l s  s ince  t h e  reducing 
gases could r e a d i l y  pene t ra te  t o  t h e  cen te r  of  t h e  compacts. Figure 
4 a t  lOOX shows t h e  type of pore d i s t r i b u t i o n  obtained f o r  a l l  of t h e  
ma te r i a l s  t r e a t e d  a t  65OoC, 93OoC, and f o r  t h e  m a t e r i a l s  t r e a t e d  f o r  
4, 9 and 1 6  hours a t  1 2 O O O C .  
t o  24 hours a d e n s i f i c a t i o n  of t h e  edge became apparent ,  Figure 5. 
When examining t h e  ma te r i a l s  a t  h igher  magnif icat ion it was found t h a t  
they were t o o  porous t o  permit s a t i s f a c t o r y  prepara t ion  f o r  e l e c t r o n  
microscopic examination. Each sample was examined w i t h  t h e  e l e c t r o n  
microscope, b u t  no e l e c t r o n  micrographs of t h e  "as t r e a t e d "  ma te r i a l s  
were made. I n  order  t o  see if  t h e  t h o r i a  were uniformly d i s t r i b u t e d  
i n  t h e  m a t e r i a l s ,  t h e  s a m p l e  cleaned f o r  4 hours a t  1200°C i n  hydrogen- 
2 V/O H C l  (Run 6) was subsequently ho3 pressed. 
i n  a i r  a t  250°C and 100 k s i  (690 MN/M ) .  
sample is shown i n  t h e  before  and a f t e r  lOOOX micros t ruc tures  shown 
i n  Figure 6. An e l e c t r o n  micrograph of a t y p i c a l  area of t h e  h o t  
pressed sample is shown i n  Figure 7.  The oxide p a r t i c l e s  ranged from 
0.05 t o  5.0 PM i n  s i z e .  The l a r g e r  p a r t i c l e s  were assumed t o  be 
Cr2O3, and t h e  smal le r  ones Tho2. 
ranged from 0.05 t o  1 .5pM. A rough e s t i m a t e  of t h e  amount of t h o r i a  
present  g ives  a va lue  of 2 t o  4 V/O. 
ca lcu la t ed  value of 2.5 V/O which would be present  i n  a nominal 3 W/O 
mater ia l .  
The TD NiCrtreated 24 hours a t  120OOC i n  hydrogen 2 V/O HBr (Run 
13) exhib i ted  an edge e f f e c t .  The lOOX micros t ruc ture  shown i n  Figure 
8 shows t h e  na tu re  of t h i s  effect .  The f i rs t  20 /JM is q u i t e  clean. 
And presumably it rep resen t s  e i t h e r  a chromium dep le t ion  zone o r  an 
a rea  r i c h  i n  i r o n  deposi ted by t h e  hydrogen-2 V/O H B r  atmosphere. The 
next 40 j l l M  conta ins  r e l a t i v e l y  l a r g e  i s o l a t e d  poros i ty .  The i n t e r i o r  
port ion of t h e  specimen appears unaf fec ted  by t h e  t rea tment .  
A t  65OoC t h e  poros i ty  
A t  120OOC t h e  pores 
I n  comparing t h e  HC1 and 
When t h e  t ime a t  1200°C was increased  
The press ing  was done 
The dens i ty  inc rease  i n  the. 
The s m a l l e r  t h o r i a  p a r t i c l e s  
This i s  i n  good agreement with 
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CONCLUDING REMARXS 
The r e s u l t s  o f  t h i s  s tudy have ind ica t ed  t h a t  hydrogen-halide 
atmospheres can be used t o  e f f e c t  an appreciable  reduct ion  i n  t h e  
oxygen content  o f  powder-metallurgy nickel-20 chromium-3 t h r o i a .  
Since Cr2O3 was t h e  main contaminant removed, t h i s  treatment should 
a l s o  be app l i cab le  t o  o the r  chromium conta in ing  a l l o y s .  A l so  although 
t h e  r e a t e s t  reduct ion  occurred a t  t h e  h ighes t  r e a c t i o n  temperature - 
1200 C ,  considerable  b e n e f i t  w a s  obtained a t  temperatures a s  low a s  
93OoC. Presumably longer  t imes a t  even lower temperatures  could a l s o  
be e f f e c t i v e .  And work along t h e s e  l i n e s  should be pursued. 
Much s i g n i f i c a n c e  has  been placed on t h e  reduct ion  i n  oxygen. 
The concurrent reduct ion  i n  carbon l e v e l  t h a t  was achieved is a l s o  
important.  Conceivably lower  carbon contents  might improve t h e  
s t a b g l i t y  of t h e  ma te r i a l  - p a r t i c u l a r l y  i n  terms of long time high 
temperature exposure. 
% 
SUMMARY OF RESULTS 
An i n v e s t i g a t i o n  c a r r i e d  out  t o  determine t h e  effect  o f  hydrogen 
h a l i d e  add i t ions  t o  hydrogen on t h e  reduct ion  of Cr2O3 i n  powder meta l -  
lurgy nickel-20 chromium-3 t h a r i a  y i e lded  t h e  fo l lowing  r e s u l t s :  
1. 
2.  
3. 
4. 
The add i t ion  of 2 V/O of HC1 o r  HBr  t o  hydrogen i s  an e f f e c t i v e  
reducing atmosphere f o r  Cr2O3. 
g r e a t e r  than  50,000 ppm t o  a less  than  100 ppm. 
Impurity oxygen was reduced from 
Low r e a c t i o n  temperatures  (650' and 930OC) p e r m i t  reduct ion  t o  
occur,  bu t  t h e  lowest impurity oxygen l e v e l s  were obtained a t  
t h e  h ighes t  r e a c t i o n  temperature - 12OO0C. 
Hydrogen alone a t  1200°C reduced t h e  impuri ty  oxygen appreciably , 
bu t  n o t  a s  completely a s  with t h e  hydrogen h a l i d e  add i t ions .  
The presence of t h e  hydrogen h a l i d e s  a l s o  reduced t h e  carbon 
l e v e l  below t h a t  normally a s soc ia t ed  wi th  t h e  r e a c t i o n  of carbon 
wi th  t h e  excess  oxygen present  i n  t h e  compacts. 
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APPENDIX 
Ple 
1. 
2 .  
3 .  
4. 
5. 
6. 
7 .  
8. 
ANNALY-TICAL PROCEDURE FOR DETERMINATION OF THORIA (Tho2) 
I N  NICKEL-20 CHROMIUM-3 THROIA 
The de termina t ion  of t h o r i a  is based on t h e  d i s s o l u t i o n  of t h e  sam- 
i n  aqua-regia.  And t h e  i n s o l u b l e  Tho2 is removed by f i l t r a t i o n .  
Weigh 2 t o  4 grams of sample and p lace  i n  a 250 m i l l i l i e t e r  beaker.  
Add 2 5  m i l l i l i e t e r s  of HC1 and 1 0  m i l l i l i e t e r s  of HN03. 
g e n t l y  t o  d i s s o l v e ,  t h e n  b r i n g  s o l u t i o n  t o  a b o i l .  
Heat 
D i l u t e  t o  200 m i l l i l i e t e r s  wi th  d i s t i l l e d  water  and h e a t  on a low 
h e a t  h o t  p l a t e .  
Add a l i t t l e  paper pulp t o  t h e  sample s o l u t i o n  and f i l t e r  through 
a t i g h t  f i l t e r  paper i n t o  a 500 mi l l i l i e t e r  volumetr ic  f l a s k .  
P o l i c e  t h e  beaker  and t r a n s f e r ,  q u a n t i t a t i v e l y ,  a l l  t h e  p r e c i p i -  
t a t e  t o  t h e  f i l t e r .  
Wash t h e  f i l t e r  and p r e c i p i t a t e  s i x  t imes  w i t h  1% H C I .  
P lace  f i l t e r  i n  a t a r e d  platinum c r u c i b l e ,  d ry ,  char  t h e  paper,  
t h e n  i g n i t e  i n  a muff le  f o r  two hours a t  1000°C. 
Cool i n  a d e s i c a t o r  and weigh. 
This  procedure was used by W. A .  Dupraw of t h e  Chemical Analysis  
Unit  of t h e  Ana ly t i ca l  Labora to r i e s  Sec t ion .  And h i s  a s s i s t a n c e  i n  
t h e  de te rmina t ion  of t h e  Tho2 content  of t h e  samples used i n  t h i s  re- 
po r t  is g r e a t f u l l y  acknowledged. Based on Mr. Dupraw's exper ience  wi th  
nickel-20 chromium-3 t h o r i a  it appears  t h a t  an accuracy of 20.1 per- 
cen t  can be  a sc r ibed  t o  t h e  de te rmina t ion  of Tho2. 
va lue  obta ined  f o r  t h e  t h o r i a  conten t  depends on t h e  complete s o l u t i o n  
of t h e  nickel-20 chromium. If complete s o l u t i o n  were not  achieved you 
would expect  t h e  analyzed Tho2 content  t o  be s l i g h t l y  high.  This  Leads 
t o  a reasonable  explana t ion  f o r  t h e  nega t ive  va lues  f o r  "oxygen excess" 
obta ined  i n  some cases .  The s t o i c h i o m e t r i c  oxygen equ iva len t  for 0.1  
percent  Tho2 is 1 2 1  ppm. 
high by 0 . 1  percent  , an "oxygen excess'? of minus 24 ppm becomes p lus  
97 ppm. 
Furthermore,  t h e  
Thus, i f  t h e  r epor t ed  Tho2 con ten t  is t o o  
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TABLE I - TREATMENT SCHEDULE AND CHEMICAL ANALYSIS OF POWDER METALLURGY NICKEL-20 CHROMIUM-3 THORIA 
RUN 
1 
2 
3 
4 
5 
6 
7 
8 
9 
LO 
L 1  
L2 
13 
TREATMENT' 
A s  r ece ived  (no Tho2) 
A s  ground, prec leaned  and pressed ,  
Tho, added 
L 
20 hour s ,  1200°C hydrogen 
. 4 hour s ,  65OoC hydrogen- 
9 4 
16  4 
9 93OoC 
4 120oOc 
9 
16 
24 
V/O HC1 
9 1200°C hydrogen-2 V/O HBr 
1 16 24 
A s  r ece ived  TD Nichrome s h e e t  
24 hours  1200°C hydrogen-2 V/O HBr  
CARBON 
PPM 
7 50 
7 60 
1 3  5 
89 
90 
NA 
33 
20 
NA 
13 
8 
NA 
1 4  
NA 
19 6 
1 5  
OXYGEN 
PPM 
1500 
>50000 
6200 
>10000 
9 500 
6030 
4870 
4610 
3245 
3740 
3370 
3380 
3800 
3290 
5020 
47 50 
Tho2 
% 
-- 
2.6 
2.8 
2 . 8  
>le 9 
2.6 
2.7 
2.8 
>2.2 
2.6 
2.8 
>le 7 
>2.2 
2.8 
2.0 
2.0 
4 
.4 
4 
4 
"OXYGEN EX- 
CESS" (PPMf 
>50000 
2800 
>6600 
<72005 
2880 
1600 
1220 
<5805 
59 0 
-24 
<13205 
<11305 
-100 
2600 
2330 
IRON 
% 
.32 
-37  
NA3 
1.1 
NA 
1 . 5  
2.3 
0.9 
NA 
5.0 
2.7 
NA 
10 .1  
8 .4  
.006 
1 . 7  
CHROMIUI? 
% 
22.0 
18 .5  
20.3 
NA 
20.1 
NA 
20.5 
NA 
NA 
NA 
20.2 
NA 
NA 
20.5 
20.0 
20.0 
Qotes :  1. A l l  c leaned  m a t e r i a l s  s i n t e r e d  f o r  1 0  hours  a t  1200°C i n  hydrogen excep t  t h o s e  r e c e i v i n g  a 
24 hour hydrogen h a l i d e  t r ea tmen t .  M a t e r i a l s  t r e a t e d  i n  hydrogen h a l i d e  f o r  24 hours  were 
s i n t e r e d  f o r  24 hours .  
2.  Impuri ty  oxygen. 
3. Not analyzed. 
4. L imi ted  sample m a t e r i a l  prevented r e l i a b l e  a n a l y s i s .  The sample conta ined  a t  l e a s t  t h i s  
much Th02. 
5. "Oxygen excess" depends on Tho2 a n a l y s i s .  If t h e  Tho2 a n a l y s i s  is lower t h a n  t h e  a c t u a l  
t h o r i a  con ten t ,  t h e  TToxygen excess" w i l l  be  high.  
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FIGURE I CLEANING APPARATUS(SCHfMATIC) 
1 I 
1 
I 
I 
ALL SOLID LINES ARE GASEOUS F U W  
ALL DASHED LINES ARE PQWER AND lNSTRUUENTATlON 
I pr-mcr I 
Figure 2. - Hydropressed ground powder metallurgy 
nickel-20 chromium-3 thoria step heating cycle to 
1200°C i n  hydrogen-5V/O HCL. 
A, .2V/O HCL a t  65OoC (Run 3). 
Be 2 v / o  HCL a t  93OoC (Run 4). 
Figure 3, - P r e s s e d  cleaned and sintered powder 
metallurgy nickel-20 chromium- 3 thoria treated 9 
hours in hydrogen-2V/O HCL o r  HBR X1000, unetched. 
- 
C. 2V/O HCL at 1200°C (Run 7). 
D. 2V/O HBR at 120OoC (Run 10). 
Figure 3. - Continued. 
Figure 4. - P r e s s e d  cleaned and sintered powder 
metallurgy nickel020 chromium-3 thoria treated 16 
hours at 93OoC in hydrogen-2V/O HCL (Run 5) show- 
ing absence of edge effect X100, unetched. 
Figure 5. . Pressed cleaned and sintered powder 
metallurgy nickel020 chromium-3 thoria treated 24 
hours at 120OOC in hydrogen=2V/O HBR (Run 12) 
showing edge effect X100, unetched. 
A. As treated. 
B. After hot pressing in air at 25OoC. 
Figure 6. - P r e s s e d  cleaned and sintered powder 
metallurgy nickel-20 chromium-3 thoria treated 4 
hours  a t  1200°C i n  hydrogen-2V/O HCL (Run 6 )  
X1000, unetched. 
Figure 7. - Pressed cleaned and sintered powder 
metallurgy nickel-20 chromium-3 thoria treated 4 
hours a t  120OoC in hydrogen-2V/O HCL (Run 6) 
after hot pressing in air at  25OoC. 
Figure 8. - TD N i C r  treated 24 hours at 1200°C in 
hydrogen-2V/O HBR (Run 13) showing edge effect 
X100, unetched. 
